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ACCRETION PCktim X-RAY PULSARS 

N.E. Whitest «].H. Swank, and S.S. Holt 
Laboratory for High Energy Astrophysics 
NASA/Goddard Space Flight Center 
Greenbelt, Maryland 20771 

ABSTRACT 

A unified (tescriptlon of the properties of 14 X-ray pulsars Is presented 
and coiapared with the current theoretical understanding of these systems. The 
sample extends over six orders of magnitude In luminosity, with the only trend 
In the phase averaged spectra being that the lower luminosity systems appear 
to have less abrupt high energy cutoffs There Is no correlation of 
luminosity with power law Index, high energy cutoff energy or Iron line EW. 
Detailed pulse phase spectroscopy is given for five systems. The 180® phase 
reversals from one energy band to the next seen from the L^ > 10^^ org s“^ 
systems 4U1626-67 and GXl+4 can be Interpreted as being caused by the emission 
switching from a fan to a pencil beam configuration, as discussed by Nagel 
(1981a) for a cylinder of emission. We point out that If there Is a 
collisionless shock In the Ljj < 10^^ erg s"^ systems then the observed 
properties of these systems might be expected to resenrt)1e those with higher L^ 
where there should be a radiative shock. The pulse profiles of the Im^r L^ 
systems do not show 180® phase reversals and are In qualitative agreement with 
the predictions of the thin slab models. 

The pulse phase spectra of 4lK)115+63 first reported In Rose et al. (1979) 
are re-exMi1ned and It Is shown that there are electron cyclotron lines at 
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11.5 and 23 that appear to be In absorption at the pulse peak and In 
emission during an Interpulse. Regions of spectral hardening or “notches", 
similar to that reported by Pravdo et a1. (1977b) from Her X-1, are a common 
feature In the low energy pulse of many pulsars. These probably represent the 
passage of the magnetic axis through our line of sight. The material flowing 
through the magnetosphere does not appear to contribute to the pulse 
beaming We discuss tiie nature of the beaming from Her X-1 In the context of 
these new results and conclude that a pencil beam configuration nrast simply 
explains the overall properties of the pulse. It Is suggested that by analogy 
with 4U01 15+63 that the feature In the spectrum of Her X-1 Is an absorption 
line at ~ 35 keV and that In the off pulse spectrum this may become an 
emission feature. 

The binary parameters and low X-ray luminosities of X Per, 4U1145-61 and 
4U1 258-61 suggest that the neutron stars are undergoing spherical accretion. 

We show that the pulse profiles are much less structured than those of the 
more linninous pulsars and are qualitatively In agreement with the models of 
Arons and Lea and Eisner and Lamb. 


^Also Dept. Physics & Astronomy, University of Maryland 
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I. INTRODUCTION 

Mort than a decade has passed since the discovery of the first binary 
X>r^ pulsars Cen X>3 and Her X-1 (Glacconi et a1. 1971; Tananbaun et a1. 
1972). Since then ~ 20 X-ray pulsars have been found with periods ranging 
from 69 m to 835s (e.g. Ives, Sanford and 6e11-Burne11 1975; Rosenberg et a1. 
1975; McCIIntock et a1. 1976, 1977; Lucke et a1. 1976; White et a1. 1976a, b, 
1978; Davison 1977; Rappaport et a1. 1977; White and Pravdo 1979; Kelley et 
a1. 1981,1982; Skinner et a1. 1982). These represent ~ 15% of the known 
galactic X-ray sources with > 10^^ erg s"^. The coherence of the 
pulsations, and the secular decrease In their periods on timescales of 10^ - 
10^ yrs, established beyond doubt that each of these systems contains a 
magnetized rotating neutron star accreting material and gaining angular 
momentum from a binary companion (Lamb, Pethick and Pines 1973; Davidson and 
Ostrlker 1973; Rappaport and Joss 1977; Mason 1977). Measurements of the 
orbital e1en»nts of six systems require that the mass of the pulsar be 
consistent with that expected for a neutron star (Rappaport and Joss 1982). 

Because sharp features In the light curves from many of the pulsars 
cannot be reproduced from viewing the rotation of an Isotropically emitting 
hot spot, the X-rey emission must be beamed (Basko and Sunyaev 1976b). Such 
beaming, cyclotron features In the spectra, and magnetic flux conservation at 
the time of a neutron star's creation all suggest > 10^^ G fields at their 
surfaces. Only recently have the calculations of the radiative transfer In 
such superstrong magnetic fields reached a point where they can be 
meaningfully tested against the observations (e.g. Kanno 1980; Nagel 1981a,b; 
Pravdo and Bussard 1981; Langer and Rappaport 1982; Meszaros et a1. 1982). 

One key problem that Is still unresolved Is how the Infalling material Is 
stopped. For systems close to the Eddington limit a radiative shock seems 
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Inevitable (Basko and Sunyaev 1976a), but for many X-r^y pulsars with lower 
luminosities It Is not clear whether plasma Instabilities cause a standoff 
col 11 si onl ess shock above the surface, or whether the material Is decelerated 
deeper In the neutron star atmosphere (Basko and Sunyaev 1975; Shapiro and 
Salpeter 1975; Kirk and Galloway 1981). This Issue Is crucial to discussions 
concerning whe^er the X-rays are beamed along or perpendicular to the field 
lines, I.e. In a "pencil" or a "fan" beam (e.g. Nagel 1981a). A further 
complication that remains unresolved Is the role played by material In the 
magnetosphere In determining the pulse profile and spectrum, particularly 
below a few keV tidiere photoelectric and possibly cyclotron absorption are 
lNq)ortant (McCray and Lamb 1976; Eisner and Lamb 1976; Basko and Sunyaev 
1976b). 

An Important Influence on potential models has been the discovery of a 
cyclotron feature in the spectrum of Her X-1 at - 60 keV (Trumper et al. 

1978). Because a detailed measure of the continuum above the feature Is below 
the threshold of current Instrumentation, there 1s considerable controversy as 
to whether this Is an absorption line at ~ 35 keV or an emission line at '-BO 
keV (e.g. Yahel 1979; Bonazzola, Heyvaerts, and Puget 1979; Bussard 1980; Wang 
and Frank 1981; Langer, McCray and Baan 1980). Pulse profiles have so far 
provided little to constrain the models In general, since they exhibit 
remarkable variety. Including simple sinusoidal -like variations (e.g. White et 
al. 1980), complex energy dependent features (e.g. McCUntock et al. 1976) and 
180<^ phase reversals from one energy band to another (e.g. Rappaport et al. 
1977). Wang and Welter (1981) have pointed out that the light curves of the 
higher luminosity systems are more complex and that this may reflect a basic 
change In the beaming pattern. 

The phase-averaged spectra most often exhibit flat (a ~ 0) power laws 
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with a sharp h1^ energy cutoff at ~ 20 keV (Her X-1, (tolt et a1. 1974; 
4U0900-40, Becker et a1. 1978); with others being characterized by slightly 
steeper power laws (a ~0.4) with less obvious high energy cutoffs (4U1145-61, 
White et al. 1980; 0A01653-40, White and Pravdo 1979). The low 
luminosity ~ 10^^ erg s"^ pulsar X Per Is an exception, being best fit by 
a ~ 12 keV thermal spectrum In the 2*20 keV band with a power law 
tail (a ~ 1.2) above ~ 20 keV (White et al. 1982; Worrall et al. 1981; Becker 
et el. 1979). Detailed analysis of the spectral properties across the pulse 
of fUtr X-1 show that there Is a region of spectral hardening near pulse 
maxIdHim (Pravdo et al. 1977b, 1978). Similar regions of pulse hardening are 
evident In 4U0115-*^3 (Johnson et al, 1978; Rose et al. 1979), GXl+4 (Doty, 
Hoffman and Lewin 1981) and X Per (White et al. 1982). Some attempts have 
been made to Interpret such spectral effects In individual sources (e.g. 

Pravdo et al. 19775,1978), but In general these features have not been 
utilized as crucial factors In determining the validity of models. Iron K 
shell emission with EWs of several hundred eV has been seen fr<xn all these 
systems except X Per, and mpy be caused by fluorescence of relatively cool 
material In the neutron star magnetosphere (Pravdo et al. 1977a; Basko 
1980). 

The purpose of this paper Is to present a unified description of the 
observed properties of X-rpy pulsars In an effort to better constrain the more 
detailed theoretical models that are currently under development. We Increase 
to 14 ^e sample of X>rpy pulsars for which h1<pi quality non-dlspersive 
spectral observations have been reported. These range over six orders of 
magnitude In X«ray luminosity, and In SU the pulse profiles and phase 
averaged properties are examli.ed for aqy systematic trends. Spectral 
variations with pulse phase are addressed In (total 1 In Sill. In SIV we 
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exmlne the observed properties of these pulsars for clues as to the direction 
of the beaming. In $V the nature of the cyclotron features observed In Her 
X-1 and ^iUOl 15-^3 are discussed. The Interaction of the Inflowing material 
with the magnetosphere and Its subsequent effect on the pulse profile Is 
considered In SVI. Possible origins for the Iron line emission seen from most 
of these systems are discussed In SVII. The current observational picture 
deduced from these results Is stmmarlzed In SVII I. 

II. LUMINOSITY CORRELATIONS 

A. The Pulse Profiles 

Table 1 lists the names and parameters of the 14 pulsars In our sample. 

In Figure 1 the pulse profiles of 12 of the pulsars are shoum In order of 
Increasing luminosity (frwn bottom left to top right). The pulse period In 
seconds and the log of the unabsorbed 0.5 to 60 keV luminosity excluding 
apy soft conqjonents, are Indicated. We use this particular energy range 
because 0.5 keV Is the lower threshold of the Einstein Solid State 
Spectrometer (SSS) and 60 keV Is the maximum energy seen by HEA0>1 A2. The 
profile of LMC X-4 Is not shown since the 13.5s pulsations are only seen 
during ~ 20 min flares, but not from the quiescent emission (Kelley et a1. 
1982). No such flares were seen by any of our detectors; the steady flux seen 
by HEAO-1 A2 during a 3 hr pointed observation was not modulated greater than 
5% peak to mean amplitude, compared to 20% seen by SAS-3 during outburst. For 
4U0115+63 a broad band 2>60 keV profile Is shown in Figure 10, and Is 
discussed further In flllC. There has been some suggestion that the period of 
GXH4 Is twice that given In Table 1 (Koo and Haymes 1980; Strickman, Johnson 
and Kurfess 1980), but we find no evidence for this In our data, In particular 
a power spectrum shows no power at half t)w frequency of the period given In 
Table 1 or at any of Its odd harmonics; we will assume the shorter period. 
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As noted by Wang and Welter (1981) there seems to he a trend In the pulse 
profiles with luminosity despite the variety of high luminosity types which 
seemed counter to a trend In a smaller sample (Rappaport and Joss 1977a). 

Below ~ 10^^ erg s'^ they are s1nuso1da1*11ke with little dramatic dependance 
on energy, although 4U1 145-61 and 4U1258-61 do show a slight decrease In 
amplitude with increasing energy (as first noted for the latter by McCIIntock 
et al. 1977). Between 10^® and 10^^ erg s*^ the profiles become more energy 
dependent; at high energies the modulations are still simple sine waves but 
at lower energies the a^lltude decreases with the appearance of mere 
complicated structure In some. Such Is the case for the recurrent transient 
A0535-»-30 (Bradt et al. 1976) which, because we had no data In outburst. Is not 
Included. At luminosities above 10^^ erg s“^ some of the profiles sijow 180° 
phase reversals from one energy band to the next (e.g. 4U1626-67). Others 
have sharp pulses that do not change phase with energy. There Is a tendency 
for the longest pulse period pulsars to have the lowest luminosities, although 
GXIM and OA01 653-40 are exceptions to this rule. Another curiosity Is that 
the double peaked light curves tend to occur In the 1036-1037 erg s"l 
luminosity band. This may be coincidental, but also could reflect a 
fundamental property of the accretion process or X-ray beaming. 

B. Phase Averaged Spectra 

The spectra of X-riy pulsars are usually represented by a power law with 
energy Index a , modified at energies above a high energy cutoff by the 
function exp[(E^-E)/Ep]. Typically 1^1 s parameterization gives an adequate 
representation of the high energy portion of the spectrum. In addition, an 
Iron K feature between 6 and 7 keV and a small amount of low energy absorption 
by cool material are usually required to give an acceptable Previous 
examples of this fitting procedure can be found In Pravdo et al. (1977a, b. 
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1978, 1979); Swank at a1. (1976); Backer at a1. (1976, 1977a, b. 1978, 1979); 
Rosa at a1. (1979); Mbita and Pravdo (1979) and White at a1. (19M). These 
aar1.3r results, along with those from the new observations, are sumiMrlzad In 
Table 1 In the phase-averaged paraweters L^, o. Eg, Ep, and equivalent width 
EW of the Iron line. The data utilized come from the 6SFC proportional 
counters on either the HEAO-1 or the OSO-8 observatories and cover the energy 
range 2-60 keV w1^ 64 channels of PHA for each detector (see the above papers 
for further details). The deduced Incident spectra are shown In Fl^re 2 In 
order of Increasing luminosity, with the log given at t)^ t(^ rl^t of each 
spectrum. The de-convolved spectra are not completely Independent of the 
assumed model and will vary slightly for different models that can also give 
acceptable fits (cf. (k>1t and McCray 1982). In particular, the 
representations of narrow features such as lines are sensitive to how they are 
modelled. The emission features at ~ 6.5 keV can usually be described within 
the uncertainties by a single narrow line, by a Gaussian with FWKH up to ~ 1 
keV or by a miltiplet of narrow lines. Figure 2 shows the results for single 
Gaussian best fits (FWHM ~ 0.4 keV for 4U1538-58 and ~ 1 keV for 0A01653-40, 
for examples.) 

Two of the lower luminosity pulsars X Per and 4U1 258-61 deviate from the 
above formalism. The spectral properties of X Per have been discussed In 
depth White et a1. (1982), Worrall et a1. (1981) and Becker et a1. 

(1979). The spectrum In the 1-20 k^ band Is a sli^ple exponential model with 
an e- folding energy of 10 keV, but at energy iS above 20 keV there Is a power 
law excess with a ~ 1.2. Two observations of 4U1258-61 were made by HEAO-1 A2 
In January and June 1978. The average source liMlnosIty was SOI lower on 
the second occasion. Hie ^ spectra were similar, a rather steep power law 
with a ~ 1.2, modified at low energies by - 10^^ H cm"^ of absorbing 


nattrltl. No high oner ^7 cutoff ms required; however high energy 
observations by Maurer et a1. (1982) sug^st that there Is a sharp high energy 
break at ~ 20 keV and there mqy be a hint of this In Figure 2. An observation 
by the Einstein (SSS) In January 1979 measured a column density of (1.3t0.4) x 
10^2 H cm*2 and a ~ 0.310.3. This source Is behind the Coal sack Nebula and 
the reddening measured by Parkes, Murdin and Mason (1980) is consistent with 
all the observed X^rqy absorption being Interstellar In origin. The lower 
power law Index seen by the SSS may Indicate a continuum Intrinsically flatter 
below 3 keV, rather than spectral variation. 

Two spectra given In Table 1 have been omitted from Figure 2. LMC X-4 Is 
not shOM because contributions of a nearby supernova remnant must be taken 
Into account In Interpreting the below 4 keV data. The spectrum of 4U1626-67 
Is not given because It shows radical departures from the mean spectrum as a 
function of pulse phase; Instead spectra from two different pulse phases are 
shown In Figure 6. 

In Figure 3 we show the variation In a, Ep and EW with log Lx* The 
dashed lines In Figure 3 Indicate the variations In these parmneters with 
pulse phase (taken from Pravdo et a1 1979, Rose et a1. 1979, and Sill 
below). Except for X Per and 4U1 258-61 the range of variation In a from 
source to source Is comparable to the range for a single source over all pulse 
phoses. The cutoff energy E^ is between 10 and 20 keV, with no (^vlous 
correlation with luminosity. The form of the spectrum above the cutoff Is 
Imposed a priori, and the efficiency of the detectors declines above 20 keV so 
that lower flux sources have more 111-deflned values of E^. Nonetheless with 
the exception of the two > 10^® erg s’^ sources GX1+4 and UC X-4 the value of 
Ep tends to Increase with decreasing Lx from - 7 keV at - 10^ erg s'^ to ~ 25 
ke¥ at 10^^ erg s*^. In White and Pravdo (1979) and White et a1. (1980) we 
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reported that OA01€53>40 and 4U1 145-61 did not have detectable h1^ energy 
cutoffs below 60 keV. Re-analysis of these data with Improved background 
subtraction doss reveal a slight attenuation above 20 keV In both sources. 
The spectrum of 6X1 ♦d Is very different from the rest In the sense that the 
break at 10 keV 1$ barely perceptable because the high energy cutoff Is so 
gradual and It does not fit Into the general trend of decreasing Ef with 
Increasing L^. 

III. PULSE PHASE SPECTROSCOPY 

The energy dependent variations In the pulse pt of lies shotm In Figure 1 
reflect changes across the iHilse In the underlying spertrum. Pravdo et a1. 
(1977b, 1978} developed the technique of pulse phase spectroscopy and discuss 
In detail the spectral properties of Her X-1 as a function of pulse phase. 
These studies show that Its spectrum above 2 keV Is constant across the pulse 
except for a region of hardening that occurs In the vicinity of the "notch** 
seen Just after pulse maximum. Here we examine the pulse phase spectral 
properties of five more systems. 

A. QXl-»4 and 4U1 626-67 

The luminosity of (5XH4 Is - 10^® erg s"^, I.e. It Is close to the 
Eddington limit for spherical accretion onto a neutron star. Figure 4 shows 
the light curve above 25 k^ to be roughly sinusoidal. Below 7 keV the 
maximum shifts by almost 180®, There Is a very distinctive "notch" (first 
reported by Doty, Hoffsmn and Lewin 1981) centered on idiat aj^ars would 
otherwise be the low energy maximum. This 180° phase reversal Is reminiscent 
of a similar phenomenon found In the light curve of 4U1626-67 by Rappaport et 
a1. (1977) and It Is useful to compare and contrast the properties of the 
two. The HEAO-1 A2 light curve of 4U1626-67 Is shown In Figure 5 (taken from 
Pravdo et a1. 1979). In this case there are tm 180® phase reversals ami the 


^•14 Ic^ band again displays a distinctive "notch" centered on pulse naxlmuiii. 

In Figure 6 the spectra from the phases centered on the loe and high 
energy maxliiia are given for bo^ sources. These spectra, sioot^ked for 
clarification, are based on the combination of Eirstein SCS and A2 

observations* The HEAO-1 A2 Incident spectra for 4U1626>67 can be found In 
Pravdo et a1. (1979). The "hard" and "soft" pulse spectra of both 4U1626-67 
and 6X1<t4 cross over at * 10 kdV and those of 4U1626-67 cross over again 
at ~ 2.5 keV; such a second crossover In the case of GXU4 tiiay be masked by 
an of ~ 10^^ H cm*^. The principal spectral parMieters of Interest are 
given for each source as a function of pulse phase In Figures 4 and 5, with 
the latter again taken from Pravdo et a1. (1979). The high energy cutoff of 
6XH4 Is so gradual ^at tiw Interaction of the various model parameters 
prevent a unique fit; we chose to fix at the phase-average value for 6X1^4 

of 10 keV to allow a restricted fitting of Ep. in doing so there Is u 
significant Increase In Ep at the maximum of the hard pulse at 4 ~ 0.35 and an 
liKrease In a during the soft pulse (except during the "notch"). The sp^tral 
Index of 4U1626-67 Increases during the hard pulse minimum, with an 
accompaning reduct1«fi In Ep* No variation Is seen during the 3-14 keV notch 
at 4 0.75, but finer phase resolution Is not possible given the statistical 

precision of the data. We note that Pravdo et a1. (1979) also Included a 
constant luminosity ~ 0.25 keV b1ackbo<1y component to obtain an 
acceptable x^* The SSS spectra did not require this component, so that Its 
Inclusion iu the HEAO-1 A2 fits Is probably artificial, reflecting the 
Inadequacy of the simple model used (see the discussion In Pravdo et a 1 . 
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B. 4U0900-40 

Thf luMlfiOflty of 4U0900-40 1$ ~ tffl This pultor txhlblts 
• pronouiKOd dt pt n d o wco In Its light cur ¥0 thit It gylto dlfftroot from 
that of GXtH and 4U1626-B7. Figure 7 shout that the light curves seen with 
HEAO-l A2 during three 6 hr observations appear to be basically the sane as 
that first reported by McClIntock et al. (197d), with a <k>ub1e sinusoidal -like 
laodulatlon at energies > 10 k^ that fragmnts Into more detailed structure at 
louer eiiergles. There are subtle changes In the light curve froai one 
observation to another. Coagtaring 1977 days 512 and 716 to day 699, for 
example, reveals that In the latter the minimum 01 at ♦ ~ 0.25 Is much more 
pronounced and Is even observable In the 7-25 kaV band; other more subtle 
differences are apparent In the 2-7 keV band. Such variations may be a 
function of the luminosity of the source (the average ciMint rate Is givm In 
the tOQ rl^t hand comer of each plot). There mere many more pointed )€A0-1 
A2 observations of 4U0900-40, but only these three could be used for 
comparison because the source undergoes large variations In absorption (up 
to ~ 1023 H car^, decker et al. IMG and refs therein) and during the oiher 
observations ^ lou etwrgy visibility was seriously degraded. In the l^ree 
cases consl^red here the absorption uas lou at ~ 10^^ H cm*3, and uhlie some 
of the subtle changes In the 2-7 ka¥ band could conceivably be attributed to 
undetected absorption variations, the changes seen In the 7-25 keV band must 
be Intrinsic to the pulsar Itself. 

The variation In the spectral parmaeters as a function of (Nilse phase are 
given In Figure 8 for day 699 ulwn the source uas bright; there uas no 
slipilficant change In these parameters idien ^ simrce uas fainter. and Ep 
are relatively constant across the pulse at ^ 20 keV and 10 keV respectively, 
except for some excursions In Ep on the trailing edge of the tuo rulses <idi1ch 
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noy be caused by umertalntles In tiM background subtraction. The average 
value of agrees well with the value given by Becker et al. (1978), but Is 
less than the 27 k^ found by Staubert et al. (1980) froii harder X-ray 
neasurements. In Figure 9 (upper panel) the Incident spectra at pulse mlnlfiwn 
(L) and mxImm (P) are shoum ami can be seen to be sliallar In fona. The 
Incident spectra during 01 and 02 are given In Figure 9 (lower panel) along 
with that at naxliwRi (P), with the latter renomallzed upwards by 15% to give 
similar Intensities above 20 keV. a does not vary fron the nlnlnum (L) to the 
RHixiMun (P) of pulse In the 2-7 keV band, but (hiring the features 01 and 
02 a changes from 0.5 to -0.25. The spectral hardening (hiring 01 and 02 1$ 
attributed to a flattening of the spectrum below 10-20 keV only, with the 
spectral shape at higher energies apparently unchanged. 01 and 02 do not show 
the edges and low energy turnover expected from absorption due to a totally 
obscuring medium and we can rule out the suggestion of Wang and Welter (1981) 
that this structure Is caused by photoelectric absorption due to partially 
Ionized material In the magnetosphere. 

C. 4U0115-«^3 

Wheaton et al. (1980), using the hard X-ray (10-100 keV) HEAO-1 A4 
experiment, reported evidence for an absorption feature at ~ 20 keV In the 
pulsed spectrum of 4U01 15+63 (L^ ~ erg s*M. Rose et al. (1979), using 
data taken simultaneously with the HEAO-1 A2 detectors (2-60 keV) questioned 
the significance of this result because they found that the off pulse spectrum 
Itself was structured and they pointed out that this might cause physically 
meaningless features In the on minus off pulse spectrum (see also Pravdo et 
al. 1979). The pulse profile of 4U0115+63 (Figure 10) Is composed of three 
distinct features, a sharp peak (P), followed by a broad Interpulse (I), 
ending In a well defit minimum (L). The variations In the spectral 
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par«netefs as a fui^tlon of pulse phase were discussed In Rose et a1. (1979) 
who found a region of spectral har<ten1ng (hiring the pulse peak P and possibly 
also during the Interpulse I (see also Johnston et a1. 1978). The mlnlnum L 
was well fit with the standard model » but during the pulse peak and the 
Interpulse the fits to the standard power law plus high energy cutoff model 
were unacceptable with x of respectively 50 and 71 for 30 dof. The three 
Incident spectra for each of teese phase Intervals are also given In Figure 
10. This suggests that the poor fits are caused by the appearance of line 
features at ~ 11.5 and 23 keV. first In absorption during P and then In 
emission during I; these lines are not related to the Iron feature at ~ 6.7 
keV. The lines ar^ not evident In tte spectrum L. This effect can also be 
seen In Figure 11 where the ratio of the spectrum during P and I to that at L 
Is shown. The deficiencies and excesses at ~ 11.5 and 23 keV are clearly 
evident. This effect Is amplified by taking the ratio of I/P (Figure 11). 

Formal fits to the HEAO-1 A2 data that Include an emission line In 
spectrum I give a line energy of 11.75±0.75 keV with an EW of 3.0±1.5 keV and 
a FWHM < 5 keV. An absorj. on Ine In the P spectrum gives an energy of 
11.3±0.9 keV with an EW of 1.5±1.1 keV and a FWHM of < 5 keV. The value of 
the underlying exponential cutoff also Increased from 6 to 12 keV during the 

p 

spectrum I. The x »^re 35 and 45 for 27 dof for the P and I spectra 

respectively. Including an additional line at 23 keV did slightly improve 

2 

the X hut because of the relatively poor statistics at high energies and the 
Interaction of the various parameters In the mul t1 -parameter fits. It Is not 
formally required. All the uncertainties are 90% confidence with an 
additional 5% systematic uncertainty In the estimates of the line energies. 
These and other various line parameters are summarized In Table 2. 
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The phase of the HEAO-1 A2 pulse peak agrees well with that given by the 
ephemerls In Wheaton et a1. for their lowest energy band of 13.8 to 16.6 
keV. This Is contrary to the statement macte In Wheaton et a1. of a 0.35 phase 
shift relative to the pulse seen by HEAO-1 A3 at energies similar to our 
measurenwnt. Above 20 keV the centroid of the pulse seen by Wheaton et a1. 
seems to shift by ~ 0.1 to an earlier phase and there Is an associated 
Increase in the <hirat1on of tt»e main pulse from ~ 0.2 to ~ 0.5 in phase. By 
taking on minus off pulse spectra from HEAO-1 A2 we obtained two deep 
absorption lines at ~ 11.5 and 23 keV. Within the uncertainties of the energy 
calibration of the A-2 and A-4 Instruments, the line that we see at 23 keV is 
probably consistent with that seen at ~ 20 keV by Wheaton et a1. (1979). It 
is appealling to Interpret these features as the 1st and 2nd harmonia of 
electron cyclotron lines (cf. Wheaton et a1. 1979). The energy of ~ 11.5 keV 
for the fundamental gives the magnetic field at the surface of the neutron 
star to be ~ 1 .2 x 10^2 q, 

D. Cen X-3 

The pulse profile of Cen X-3 Is qualitatively similar to that of 
4U01 15+63, a similarity that Is made more striking by the fact that they both 
have the lowest phase averaged high energy cutoffs at ^ 10 keV (cf Table 1 and 
Figure 1). In Figure 12 the pulse light curve Is shown as seen by OSO-8 in 
four different energy bands. Like 4U0115+63 It consists of a sharp maximum, 
followed by a broad interpulse ending In a minimum. There are subtle changes 
In the envelope with energy. The width of the primary peak (P) decreases and 
then Increases from low to high energies, and the Interpulse disappears at 
high energies. The spectral parameters a, Eq, Ep and the EW of the Iron line 
as a function of pulse phase are shown In Figure 12 when the average 
liMinosity was 0.8x10^8 erg s"^. The anplitude of the variations in these 
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par«Reters with pulse phase are imich less than those discussed earlier. There 
Is a tendency for a to decrease during the pulse peak and the Interpulse. The 
high energy turnover Increases during the decay of the primary pulse and at 
pulse nlnlimim. A second observation of Cen X-3, when ~ 1*2 x erg s“l, 
exhibited similar parameters, except for an overall decrease In the average 
value of Eg from 11 to 8 keV. The nimber of Iron line photons across the 
pulse Is approximately constant, and causes a factor 3 variation In the EW. 

In Figure 13 the Incident spectra from three pulse phases centered on the 
principle peak, the Interpulse and pulse minimum are given for both luminosity 
states. There Is no evidence for any of the cyclotron features seen from 
4U01 15-63. A feature may be evident at ~ 20 keV In the higher luminosity 
spectrum, although uncertainties In the background subtraction make Its 
reality doubtful. The Iron line Is clearly seen In the pulse minimum 
spectrum. 

IV. PENCILS OR FANS? 

The fundamental Issue that remains unresolved for systems where the 
limilnosity Is too low for a radiative shock to form Is whether or not a 
colllslonless shock de-accelerates the Infalling material. Basko and Sunyaev 
(1976a) have solved the one-dimensional hydro-dynamic and radiative diffusion 
equations (see also Wang and Frank 1981) and find that the outgoing radiation 
will not shock the Inflowing gas stream until 

Lj^ > 5 X 10^®. erg s“^ (1) 

where r5 Is the radius of the accretion funnel In units of 10® cm, Rg and 
are the radius and mass of the neutron star In units of 10^ cm and 1.4 Mg 
respectively. Since an electron In a > 10^^ G magnetic field can only move 
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freely along the field lines the scattering cross~sect1on for photons 
propagating out of the accretion column Is dependent on energy, polarization 
and propagation angle relative to the field lines (Canuto, Lodenqual and 
Ruderman 1971; Lodenqual et al. 1974); hence o Is the effective scattering 
cross section relative to the Thomson value Oj. If the Inflowing particles 
give up their kinetic energy via Coulomb Interactions In the outer layers of 
the neutron star, then the emission region will be a thin slab with a 
temperature that decreases with Increasing optical depth. The angular 
dependence of the electron scattering cross-sections of the ordinary mode 
photons means that as the angle 8 from the magnetic axis decreases we view 
deeper Into the atmosphere. Since the photon density Increases asymptotically 
with optical depth up to some cutoff value, a pencil beam of emission Is 
formed (Basko and Sunyaev 1975). If a colllslonless shock occurs there will 
be a cylinder of emission above the neutron star danger and Rappaport 1982), 
and It Is unclear In which direction the photons will escape. At energies 
close to the cyclotron resonance, because of the large opacities along the 
direction of the accretion flow, the photons may escape In a fan beam. At 
energies far below this the magnetically Induced reduction in the opacities 
and angular dependence of this effect may allow a pencil beam of emission 
(Nagel 1981a). 

One possible observational solution to this problem Is to examine the 
properties of the systems where Lx > *nd It Is most likely that a 

radiative shock has formed. The observed similarities among these systems 
then constitute a t^late representative of the properties of a shocked 
emission region which can be corqiared with those of the lower limilnoslty 
systems. The 180° phase reversals from GXl+4 and 4U1626-67 can be accounted 
for If there are pencil and fan beams In different energy bands (Nagel 1981a; 
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Wang and Welter 1981). This requires that the inaxlinum of the fan beam only 
pass through our line of sight once, which for a magnetic declination 6 and 
Inclination to the rotation axis 1 gives « + i < 9 qo , The dramatic reduction 
In the c OSS section along the magnetic axis for ordinary mode photons well 
below the cyclotron resonance favors a fan beam Interpretation of the high 
energy pulse. For 4U1626-67 the pencil beam can only dominate between 2 and 
10 keV. In this configuration the "notch" Is then naturally Interpreted as 
the passage of the magnetic axis through the line of sight. This Is not 
caused by the attenuation of the beam by material In the column (as Is seen In 
the phase locked white dwarf system 2A0311-227, White 1981; Patterson, Garcia 
and Hlltner 1981), rather It results from the 10^2 q magnetic field 
neutralizing the cross sections along the accretion column such that photons 
are not emitted Into that direction (Nagel 1981a). It Is Interesting to note 
that Nagel (1981a) has, for a cylinder of emission, already qualitatively 
reproduced the light curve of 4U1626-67. 

The orbital period of 4U1 626-67 Is 41 min, which was discovered from 
optical photometry where the X-ray pulse Is seen reprocessed on the companion 
star (Middleditch et a1. 1981). This allows the unique opportunity to sample 
the pulse light curve In two different directions. The reprocessed pulse 
profile obtained by Middleditch et a1. Is triple peaked and bears no 
resemblance to any of the X-ray light curves In Figure 5. As noted above the 
fan beam can only pass through our line of sight once when 6 + 1 < 90®. 
Middleditch et al. find that the time delay of the reprocessed pulse give an 
orbital Inclination of ~ 20®. The companion however views the X-ray source 
from the orbital plane and If the neutron star's rotation axis Is close to the 
orbital axis the companion should see the fan beam twice per rotation and the 
pencil beam once per rotation. The Intense gravitational field will bend a 
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f«n be«m iroynd tN ntutron star by 20O-25®^ 50 angular spacing of 

the three pulses will be app*^ox1iii*tely equally spaced. In reasonable agreement 
w1^ the observations. 

The presence of 180^ phase reversals In the pulse profile with energy are 
not a universal feature of the > 10^^ erg s*^ pulsars. Cen X-3 and SHC X>1 
are notable exceptions with Iwalnosltles during our observations of ~ 10^^ erg 
s~^. The lack of »r^ 180® change In the hard pulse with energy might be a 
line of sight effect such that only one bean Is visible to us. Also, the 
conditions at the polar cap may vary such that In these cases the relative 
strengths of the two beams are substantially different. The Interpulse of Cen 
X-3 Is only evident at low energies (Figure 12) and It Is plausible that this 
Is from a pencil beam similar to that seen from GXH4 (Figure 1). It Is 
plausible that In the 1037 to 1 q 38 s"^ regime we are observing a 

transition from pencil beam dominated emission to fan beams caused by tiie 
increasing height of the radiative shock above the pole (see also Wang and 
Welter 1981). The 180® phase reversal seen from Her X-1 below ~ 1 keV (Figure 
1) and the reduction In pulse amplitude at low energies In SMC X-1 can be 
explained In terms of reprocessing In the magnetosphere (e.g. McCray and Lanrt) 
1976), however models that Invoke a similar combination of pencil and fan 
beams also cannot be ruled out. 

In the case of 4U0900-40 where Lj^ - 10^® erg s"^, the spectra indicate 
that the break up of the pulse at low energies Is caused primarily by two 
regions of hardening centered at 4 ~ 0.25 and ^ ~ 0.75 (Figure 8). These are 
very similar to the "notches" evident In the low ertergy light curves of GXH4 
and 4U1626-67, which we Identify as the passage of the magnetic axis through 
the line of sight, I.e. a pencil beam confl^ratlon. A fan beam might exhibit 
sberp features In the light curve by attenuation due to the neutron star body 
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Itself (Weng and Welter 1981), or by cyclotron absorption from material away 
from the main Inflow (Eisner and Lamb 1976). The former Is unlikely In this 
case because to produce the double peaked high energy light curve of 4U0900-40 
the maximum of the fan beam must pass through the line of sight twice on each 
rotation (1 a > 90^), which then makes It Impossible for the berne to be 
symmetrically eclipsed by the neutron star. Alternatively, Eisner and Lamb 
(1976) suggested that the magnetic field near the surface has multi pole 
ccMsponents so that a11 the accreted material need not fall on the surface at 
one pole. If the field strength is a factor 10-100 below that at the dipole 
then as the material In the field lines above the higher order poles passes 
through our line of sight cyclotron absorption could cause the observed 
breakup at low energies. Unfortunately, this model Is not as well developed 
as the thin-slab calculations and It Is not possible to make a detailed 
comparison with the observations. The similarity of the regions of spectral 
hardening from 4U0%0-40 to those seen In the pulse profiles of 6X1+4 and 
4U1 626-67 Is very striking, and favors a pencil beam configuration. The thin 
slab models considered by Basko and Sunyaev (1975), Kanno (1980), Nagel 
(1981a), Meszaros and Bonazolla (1981) and tteszaros et a1. (1982) specifically 
predict the appearance of these features at low energies for optical dep^s 
through the atmosphere less than a few. The presence of the additional 
feature D3 (at ^ ~ 0.08 Figure 7) and possibly at ^ ~ 0.52 suggests that the 
magnetic field on the neutron star mpy have a large quadrapole term. 

It Is likely thpt a similar explanation holds for the breakup of the low 
energy light curve of M)535+26 (Bradt et a1. 1976). There Is also a tendency 
for the light curves of 4U1 223-62, 4U1 538-52 and possibly 0A01 653-40 to 
fragment at lower energies (Figure 1). 
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V. CYCLOTRON LINES 

The restriction of ^ herd pulsed emission from Her X-1 to either a 
pencil or a fan beam vwuld have Important consequences for the modelling of 
the cyclotron feature. Calculations to date have suggested that for a pencil 
beam an absorption line at 35 keV Is more likely (Neszaros 1978; Yahel 1979; 
Bussard 1980; Wang and Frank 1981; Nagel 1981a, b). Any discussion of the 
directton of the bemsing must account for all the properties of the Her X-1 
pulse. If the Intensely pulsed compwient below 1 keV results fr<Mi the 
reprocessing of a hard pulse bemaed from the neutron star tlMn tlw models 
discussed to date by McCray and Lamb (1976), Basko and Suqyaev (1976a) and 
McCray et a1. (1982) specifically require a pencil beam configuration to 
reproduce the phase reversal between the soft and hard pulsations. Additional 
observational evidence for a pencil bemn Is that the pulse of Her X-1 develops 
a notch below 20 keV close to pulse maximum (Figure 1; Voges et a1. 1982; 
Pravdo et a1. 1978) which Is associated with a region of spectral hardening 
(Pravdo et a1. 1977b). Pravdo et a1. (1977b) suggested that this results from 
a direct minimally obscured view deep Into the emission region, along the 
magnetic axis (see also Pravdo et a1. 1978). The findings presented In the 
previous section support this hypothesis. 

The change In the cyclotron feature of 4U01 15483 from absorption to 
emission at different pulse phases suggests that during the primary pulse when 
the line Is In absorption, we are observing a continuum source tran^ltted 
throu^ a magnetized plasma, while during the Interpulse the background 
continuum Is no longer (tomlnant and the magnetized plasma Itself Is In 
emission I.e. the primary peak Is a pencil beam and the Interpulse Is a fan 
beam leaking out the sides of the accretion column. The observational 
advantage of this source over Her X*1 Is that because the magnetic field 
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strength is lower, these features appear at lower energies, in particular the 
continuum at energies higher than the feature is accessible. The similarity ' 
of the pulse peak spectrum of 400115^3 to that of Her X-1 in all but the 
energy of the hi^ energy break strongly suggests that the pulse from Jter X-1 
is a pencil bew and that there is a cyclotron absorption feature at - 35 
keV. Tliere is also an interpulse In the Her X-1 pulse profile (Figure 1) 
wi'ich, by analogy with 4U01 15+63, cautions us that there may be an emission 
feature in the off pulse Her X-1 spectrum that exagerates the depth of any 
absorption feature found in an on minus off pulse spectrum. It is notable 
that Yoges et al. (1982) find evidence for an emission line in the off pulse 
spectrum at ~ 30 keV, although its statistical significance is low. 

While the phase averaged spectrum of Cen X-3 and its pulse profile are 
similar to those of 4U01 15+63, the pulse phase spectral properties are quite 
different; in particular there is no evidence for any cyclotron lines. This 
serves to emphasize that the appearance of cyclotron features is the exception 
rather than the rule. It may well be that there is some critical luminosity 
at which these features can be seen, and that at higher or lower values 
variations in a variety of parameters, such as the optical depth of the 
atmosphere or height of the shock, that may cause them to become either very 
small or smeared out. We note that the luminosity of Her X-1 is similar to 
that of 4U01 15+63 (in outburst), and that this corresponds to the luminosity 
where a radiative shock might start to form. 

There is a small dispersion in the sample between ~ 10 and 20 keV in the 
high energy cutoff energy, Egi although above it fwich larger variations in the 
rate of decay* Ep, are seen. This steepening in the spectrum of X-ray pulsars 
has been interpreted by many as tte result of the anisotropic energy 
dependence of the cross sections below the cyclotron resonance in > 10^^ G 
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magnetic fields (e.g* Boldt a1. 1976; Pravdo and Bussard 1980; Heszaros et 
a1. 1982) and It may give an Independent measure of the field strength. A 
cyclotron absorption line at ~ 35 keV In the spectrum of Her X-1 introduces a 
second factor that could contribute to the rate decay measured by our 
detectors (Bussard 19^), but as Is ivell demonstrated by AUOIIS-t^B (cf. Figure 
10) there must still be an Intrinsic steepening with Increasing energy In 
addition to apy contribution from an absorption line. In the cases of Her X-1 
and 4U0115-^63 where the cyclotron lines are clearly seen and their energies El 
can be directly compared with that of the break, there does Indeed seem to be 
a similar ratio El/E^ of - 1.5, which Is encouraging. But we note that other 
parameters such as the tefl^)erature and optical depth of the neutron star 
atmosphere could also be Important In determining the break energy, which Is 
emphasized by the evidence for a change In the break energy of Cen X-3 
associated with a change In luminosity (Figure 13). 

VI. THE SIZE OF THE HOT SPOT 

The area on the surface of the neutron star over which the Inflowing 
material Impacts, generally known as the hot spot, Is determined by the 
closest distance from the magnetic equator that material beccmies threaded onto 
the field lines. For spherical accretion the material Is probably stopped by 
a collisionless shock outside the magnetosphere and then penetrates Its 
screening currents via the Raylelgh-Taylor Instability. The material then 
falls In blobs (like rain) through the magnetosphere until various mechanisms 
allow It to become attached to the field lines (Arons and Lea 1976a, b; Eisner 
and L«nb 1976,1977). Arons and Lea (1980) suggest that the Kelvln-Helnrtioltz 
Instability Is probably the most efficient threading mechanism and that the 
resulting area of the hot spot Is Inversely proportional to the square root of 
L^ I.e. the size of the hot spot decreases with Increasing luminosity. When 
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Lx < 10^® trg s"^ a substantial fraction of tha natarlal may fall diractly 
onto the surfaca i«1thout avar bacomlng attacbad to tha flald llnas. If there 
Is sufficient angular Mosiantiia for a Kaplarlan disk to form, It pinches tha 
iMgnatosphara and penetrates via a transition zona where field lines thread 
the disk forcing material via the Kelvin-Helmholtz Instability or magnetic 
flux reconectlon to become attached to the field lines (Ghosh and Lamb 
1978,1979a). Tfw agreement between accretion torque theory and the observed 
spin-up rates supports the hypothesis that the disk material does not 
penetrate far Into the magnetosphere (Ghosh and Lamb 1979b). In this case the 
area of the lM)t spot Is proportional to (Bean and Treves 1972), I.e. the 
area tends to Increase with Increasing lumlrtoslty. These two opposite trends 
In the hot spot area for t)w si^erlcal and disk accretion should cause 
noticable differences In ^ properties of the two types of system, 
particularly for the low luminosity systems with L^ < 10^® erg s*l that 
perhaps can be used to differentiate between disk and spherical accretion. 

X Per, 4U1 145-61 and 4U1 258-61 all have L^ < 10^® erg s’^ with their low 
luminosities a consequence of the widely separated binary systems In which the 
neutron stars are found (P^^^ > 20 days cf. Rappaport and van den Heuvel 1981 
and refs therein). 250114-^63 and y Cas are other members of this class 
(Koenigsberge et a1. 1983; White et al. 1982). In these cases the mass losing 
star Is far from filling Its Roche 1(W>e and stellar wind capture drives ^e 
X-riy emission. The angular momentum carried by the accreted gas will force 
It to orbit the neutron star at a radius r^. For an accretion disk to form 
this must be larger than the magnetospheric radius r^. Following Shapiro and 
Liftman (1976) 

'‘1.10-5 . 1^ V-* *2/7 ,,, 
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Nhert P|Q is the orbital iwriod in units of 10 days. V^ooo velocity of the 
wind as seen by the neutron star in units of 1000 km s*^» L 33 the X-ray 
luminosity in units of 10^3 § 1*9 N is ^ mass of ^ neutrtKi star and 
and U 3 Q are its radius and magnetic moment in units of 10^ cm and 10^0 G 
cm3, 50 present only if the condition r^/r„| > 1 is satisfied* 

which requires an ii^»1ausib1y low wind velocity of < 250 km s*^; the wind 
velocities in these systems are observed to be > 1000 km s*^ 
(Hammerschlag-Hensberge et a1. 1980). 

X Per, 4U1 145-61 and 4U1 258-61 probably represent the best approxiMtions 
that we will find to spherically symmetric accretion in a binary system. As 
such they are particularly useful for testing the models of Arons and Lea and 
Eisner and Lamb, as well as for comparison with the more Itmiinous systems 
where more localized hotspoti< on the neutron star are more likely. Figure 1 
shows that the li^t curves of these pulsars not strongly pulsed, with both 
4U1 145-61 and 4U1 258-61 showing a tendency for the modulations to become less 
pronounced at higher energies. It is clear from Figure 1 that these profiles 
are relatively featureless and energy independent when compared witt those of 
the more luminous pulsars. Although this could be caused by coincidental 
alignments of 6 and i that produce small modulations, or by low magnetic 
fields on the neutron star 10^ ^ G) reducing the magnetic be«ming effects, 
it may, as noted by Mang and Welter (1981), lend support to t^e idea that in 
the spherically symmetric case the material does not become easily attached to 
the field lines. 

If, as L^ decreases, the area of the hot spot expands, then the 
moihilation amplitiute will decrease as the outer regions of the hot spot 
include lower field regions where the magnetic beaming effects are not the 
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sms at at the poles. For L,^ < 10^^ erg the spot wsy cover the entire 
henslsphere. Indeed, this nlpht be an attractive explanation for the lick of 
coherent pulsations fro« the related X Per-llke systems y Cas and 250114'^$ 
when j-1 (^ite et al. 1982; Xoenigsberper et a1. 1983). 

Alternatively, as noted by Eisner (1976) the onset of the Raylelgh-Taylor 
Instability Is a function of magnetic latitude and a large percentage of the 
material miy enter the magnetosphere at lou latitudes, forming a "hot band" 
around the neutron star. This miy be responsible for the differences In the 
phase averaged spectra of X Per and 4U1 268-61 relative to the higher 
luminosity systems discussed In fll. In these cases non-magnetic spectral 
calculations similar to those of Shapiro and S«il peter (1975) and Alme and 
Wilson (1973) may be more appropriate t! in the magnetically modified ones of 
Meszaros et al. (1982) and Linger and Rappaport (1982). The overall 
lum<<;9Slty of tlie X-ray emission from X Per declined by a factor of 5 from 1 x 
10^4 erg $*1 to 2 X 10^3 ^rq s“^ over a five year Interval, with no obvious 
change In the structure of the H^t curve, or Its modulation amplitude 
of - 40% peak to mean (cf« White et al. 1976, 1962). This suggests that at 
low limilnositles the flow through the magnetosphere Is relatively Independent 
of the mass transfer rate. 

The height of any col 11 si onl ess shock above the pole will be greater than 
a stellar radius for Lx < 10^^ e»*g (Langer and Rappaport 1982; Shapiro and 
Sal peter 1975). If there Is a col 11 si onl ess shock In these cases then 
would expect that when the luminosity of the X-ray emission from X Per 
declined by a factor of 5, the corresponding Increase In the shock height ^nto 
lower field regions wcmld have chathjed the pulse ll^t curve (Langer and 
Rnppaport 1982). 

VI I. THE ORIGIN OT THE IRON EMISSION 
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On« of the striking features of Figure 2 Is the prosHnent Iron emission 
between 6.4 and 6.7 keV detected fr<M 11 out of our sample of 14 pulsars with 
EWs ranging from 100 te 600 eV. In most cases the width of the line Is not 
resolved and we can only set a limit to Its FVAM of < 1.2 keV, comparable to 
the detector resolution. For GX1+4 a width of 2 ± 1 keV Is observed (Table 1) 
and from Her X>1 there Is evidence for double lined structure (Pravdo et a1. 
1977a). For easy Intercomparison all of the values given In Table 1 assimie a 
single gausslan line. Uncertainties In the detector calllbratlon and 
sensitivity to the underlying continuum limit our best estimates of the line 
energies to an absolute error of tS%. Host are consistent with energies 
between 6.4 and 7.0 keV. With a detector resolution at this energy of 
only ~ 17% more complex line profiles cannot be ruled out. There Is no strong 
correlation between EW and (Fl^re 3). In Figures 5» 8 and 11 we show how 
the EW varies with pulse phase for GXH4, 4U0W0-40 and Cen X-3. Only for Cen 
X-3 Is there evidence for variations In the EW with pulse phase, with a clear 
anti-correlation with Intensity such that the line flux Is approximately 
constant across the pulse. For GXl+4 and 4U0900-40 there Is tantalizing 
evidence for variation at the Units of the 90% confidence error bars, but 
they are not conclusive because the line parameters are convolved with 
possible continuum variations across the pulse. During the observation of 
4U0900-40 on Day 716 the EW was 510 t 290 eV, compared to the 150 i 40 eV seen 
on day 699 «dien the luminosity was a factor 3 brighter. Becker et al. (1979) 
also reported similar variations In the EW of the Iron line of 4U0M0-40, some 
of which may be related to the large changes In absorption caused by the 
stellar wind of the primary. 

The Iron line airtsslon almost certainly does not come from within a few 
stellar radii of tee neutron star surface. The plasma above the magnetic pole 
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cannot contribute because It- will be fully Ionize by the Intense radiation 
field (Bal 1980b). Fluorescence of the neutron star surface Is ruled out 
because the gravitational red shift of the line to ~ 5.5 keV Is not 
observed. Because It subtends a small solid angle* the photosphere of the 
companion star can yield only a few tens of eV of fluorescent emission for 
cosmic abundances (Bal 1980a; Basko 1978; Hatchett and Heaver 1977)* which 
should exhibit a strong orbital dependence in contrast to the orbital 
Independence that Is observed (Pravdo et a1. 1977a). The solid angle 
subtended by the accretion disk could be larger than that of the conq^anlon 
star* but we still only obtain an EH of < 75 eV using cosmic abundances* the 
fluorescent efficiency given by Bal (1980a)* and a maximum disk semi -angle of 
20^. If we asstmie that the metalllcity of the ccwq)an1on stars are not all 
anomolously high* then this leaves two potential sites for the emission: the 
stellar wind of the primary* or the magnetosphere of the neutron star. 

A. The Stellar Hind 

In many of the OB supergiant/neutron star binaries large variations In 
absorption up to iq23 h cm"2 are seen, usually at preferred orbital 
phases. The three sources In Table 1 where this phentmenon has been well 
documented are 4U0^-40 (e.g. Kallman and Hhite 1982; Becker et a1. 1978)* 

Cen X-3 (Schreler et a1. 1976)* and 4U1223-62 (Swank et a1. 1976). Hhlle all 
the spectra given In Table 1 are taken from orbital phases where the 
absorption Is at the minimum value seen from tlwse systems* there must still 
be gas streams and asymmetries In the wind with optical depths > 0.1 to 
account for the phase related absorption. This material will add to the 
«a1ss1on Independent of Its orientation to our line of sight to the neutron 
star* while It will act as an absorber only when It eclipses the X-ray source. 

The EH of Iron ^sslon fluoresced In the wind can be estimated as 
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EU - ot.Aa. j 7 i 1(E) . [1 - €xp(-o(E) . 1^)] . dE/I(6.4) eV (3) 

where u 1$ the fluorescent yield (> 0.34 for cold iMterlal), ea Is ^ 
fractional solid angle, o(E) ^ cross section of Iron taken fron F1r«ian 
(1976), an e(^1 valent column density of l^drogen asswilng a cosmic 
abundance of Iron of 4 x 10~^ and 1(E) the continum spectrum. For the 
spectrum of 4lK)900-40 and an = 0.5 we obtain for an N|^ of 10^^ H cra*^ an 
EW - 200 u> eV. There Is evidence that the Ionization structure of the wind In 
4U09(K)>40 Is an(M«o1ous (Kallman and White 1982). If tiiere Is a substantial 
optical depth of hydrogenic and helium like Iron then w = 1 since the Auger 
effect will be neutralized. Thus the asymmetries and gas strums In the winds 
of these OB supergiants may provide the means by «d)1ch a significant fraction 
of the observed EWs and variations are produced. We cannot further pursue 
this discussion without a detailed estimate of the structure of the wind which 
goes beyond the scope of this paper. 

B. The Magnetosphere 

Many of the pulsars In Table 1 do nut have coi^ianlon stars with winds and 
gas streams capable of producing the observed Iron lines. These Include both 
the disk driven systems such as Her X-1 and the spherically symmetric stellar 
wind accretors such as 4U1 258-61. The only other place where substantial 
material can build up to give sufficient optical depth for Iron fluorescence 
Is the magnetosphere. The discovery of an Intense soft emission component 
from Her X-1 by Shulman et al. (1975), confirmed by Catura and Acton (1975), 
stimulated the Idea that there my be optically thick material In the 
magnetosphere that absorbs and reprocesses the original aalsslon from the hot 
spot. Pravdo et al. (1977a) and Basko (1980) discuss the possibility that the 
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Iron emission seen from Her X-1 originates from this optically thick shell. 
Basko and Sunyaev (1976b) and McCray and Lamb (1976) proposed that this plasma 
layer Is not optically thick over the iragnetlc poles and as the neutron star 
rotates It periodically shields the X-rey emitting hot spot, giving rise to 
the high energy pulse irith a reprocessed soft pulse In anti-phase. 

Following Basko and Sunyeav (1976a) we can estimate the optical 
depth T through the magnetosphere to be 

X ~ 0.15 v/^ . . (1-6)“^ 

where Rg Is the radius of the magnetosphere In units of 10® cm, p Is the 

fraction of the accreting material not stopped until below the neutron star 

surface ( ~ 0.4, Basko and Sunyaev 1976a), n Is the fraction of the 
magnetosphere covered, and v^ Is the ratio of the velocity of the material to 
Its free-fall value. Substantial fluorescent emission will be seen If x > 0.1 
(Basko 1980). The EW would be proportional to nx a 

From the EW results In Figure 3, it is clear that the EW is not 
proportional to Lj^, as it would be if the Vf range were negllgable. As noted 
by McCray and Lmnb (1976) Vf is nrast likely to be small when the magnetosphere 
Is close to the corotation radius and the corotating material can be held in 
the magnetosphere centrifugal ly (Eisner and Land) 1976). The three sources 
where this might be occuring are Her X-1, SIC X-1 and 4U0115-63. However, the 
lack of any excessive EWs In these systems (Table 1, Figure 3) argues against 

there being any build up of material. Thus the data do not show clear 

correlations In agreement with the nradel. 

The SSS spectra of Her X-1 and SC X-1 do not show the phase dependent 
absorption features expected from an optically thick shell (McCray et al. 
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1982; Marshall, White and Becker 1983). This Is also true of the spectra 
discussed In this paper. For ^e sources with the best counting statistics, 
such as GXU4, Me can set upper Units to an Iron edge betMeen 7 and 9 keV 
that Inply < 10'^. This adds to the arguments that the pulse at energies 

greater than ~ 1 keV Is not formed by screening of the hot spot by optically 
thick material In the magnetosphere. This does not necessarily mean that the 
Iron emission cannot come from the magnetosphere. Optical depths of ~ 0.1 
could still produce a fluorescent Iron line with an EW of several hundred eV 
without any edge between 7 and 9 keV being detected by current 
Instrumentation, especially If the gas Is highly Ionized (Basko 1980), or Is 
located out of the direct line of sight. 

McCray et a1. (1982) proposed an scenario for the low energy pulse of Her 
X-1 where the high energy X-rays are Intrinsically beamed and the reprocessing 
occurs exclusively on the Inner edge of the disk. The inclination of Her X-1 
Is ~ 85^ (Rappaport and Joss 1982) so that the nearside of the disk Is hidden 
from view and we see only the reprocessed radiation when the beam points away 
from us. McCray et a1. (1982) note that the observed phase averaged iron EW 
of ~ 280 eV Is a factor of 20 above that expected from simple fluorescence of 
the disk material. As outlined earlier, however, Iron fluorescence can still 
come the magnetosphere (see also Pravdo et a1, 1977a). 

For spherical 1nfa11 the optical depth for free falling material Is given 
by 


T 


0.02 L 
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rl/2 




- 1/2 


(5) 


and Is substantially less than unity for < 10^® erg s"l. In particular for 
4U1 258-61 and 4U1 145-61. In these cases, too, material must accumulate In a 
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reservoir at magnetosphere (cf. Arons and Lea 1976; Eisner and Lamb 
1977). The fact that no Iron emission with EM > 150 eV Is seen from X Per 
(and Y Cas) suggests that the optical depth of this material decreases at 
lower mass transfer rates. If the accumulated material covers the entire 
magnetosphere we should see an absorption edge between 7.1 and 9.1 keV. The 
upper limits to such an edge of < 0.4 and < 0.1 for 4U1258-61 and 
4U1145-61 respectively, are only Just consistent with that expected and then 
only If the material is highly Ionized, suggesting that again the material Is 
out of the direct line of sight. 

VIII. SUMMARY AND DISCUSSION 

In this paper we have Illustrated how the observed properties of X*ray 
pulsars can help resolve some of the fundamental Issues concerning the nature 
of accretion onto magnetized neutron stars. It Is notable that a class of 
objects that extend over six orders of magnitude In luminosity shows little 
variation In the phase average spectra of Its members. Figures 2 and 3 
Indicate a slight softening of the spectra with decreasing L^t hut there Is 
certainly no dramatic change with The pulse profiles ^nd pulse phase 
spectral variations. In contrast, exhibit considerable variety. 

Some of the high Lj^ pulsars display phase reversals between different 
energy bands and large variations In the high energy cutoff parameters as a 
function of pulse phase. In these systems we are probably observing both 
pencil and fan beams of emission, with the fan beam occuring at the highest 
energies where the opacity along the accretion column Is greatest (Nagel 
1981a). If col 11 si onl ess (or radiative?) shocks are present In the lower L^ 
systems we would expect to see properties similar to those of the high L^ 
systems. All the lower L^ systems maintain phase In different energy bands 
and have stable high energy cutoff parameters as a function of pulse phase. 
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The systenis tn the 103®-i037 erg s"^ band sl^ the characteristic lee energy 
breA tip of the pulse predicted by the optically thick ^In slab models. This 
argues that In t^se bases there Is Coulomb deceleration of the accretion floe 
In the outer atiMsphere of 1^ rwutroh star. The thin slab models ai^^ar to 
be applicable only In the 10^® -10^^ erg s*^ energy range because at hl^er 
luminosities radiative stocks become Important and at loeer luminosities the 
material falls over a very large area of the neutron star, not Just ^e 
magnetic pole. When we consider the possible contributions to ^ pulse shape 
from material flowing throu^ the magnetosphere we conclude that we cannot 
observe Its effect for 

The orbital parameters and low luminosities of 4U1145-61, 41112^-61 and 
X Per suggest that these sources are unttergoing spherically symmetric 
accretion. The light curves of these sources seem to be much simpler and less 
energy dependent than those for > 10^6 erg s"^ which probably reflects the 
fact, as predicted by Arons and Lea (1976) and Eisner and Lamb (1976), that 
the material Is distributed over a lar^ part of the surface of the neutron 
star, away from the Intense nuignetlc field at the pole. This probably Is the 
reason that Wie X-ray spectra of X Per and 4U1258-61 do not exhibit below 'v 20 
keV the hard power law characteristic of other higher L^ systems. 

The Intense Iron emission detected from many of ^ese pulsars will 
provl^ an Important diagnostic for the material outside and flowing through 
the magnetosphere. Proportional counters with an E/i£ * 6 at 6.7 keV can 
adequately detect these features, but thqy are not Ideally suited for studying 
the structure of the line or Its pulse phase variations. Further 
observational progress msy have to await large collecting area detectors with 
E/aE > 30 (e.g. Serlemitsos 1982). 

Many pulsars show regions of spectral haritening or "notches” In the low 


entrgy It 1$ v«i^ llktly that» as first sugfiette^ by Pravdo at a1. 

(1977b), tbtaa are CM^d ^ the passaga of the inagnAtlc axis through our line 
of si #it. Since, the spectral hardanihg or "notch" Is usually Man close to 
pulse fliaxfiauffl this again argues that In these cases me are observing pencil 
beaes, of emission* 

The detection of electron cyclotron lines fr<m 4U0115-t^3 at 11.5 keV and 
23 keV gives na« Insight into the nature of the feature discovered In the 
spectrum of Her X-1 by Trwe>er et al. (1978). The tiuo lines fr(w 4U0115+63 
are first seen In absorption during the pulse peak and then In mnisslon during 
a broad Interpulse - 180® In phase later. This can be naturally Interpreted 
In terms of a back-1 nominated magnetized colimin, with the absorption lines at 
the pulse peak caused by the column passing In front of the hot spot and the 
ealsslon lines seen when we view perpendicular to the field lines. Both Her 
X-1 and dUOIIS-*^ (In outburst) have similar luminosities that correspond to 
the point at which a radiative shock begins to appear above the pole. Any 
discussion concerning the direction of the beaming In Her X-1 must also 
account for the phase reversed low energy pulsations and the region of 
spectral hardening during the pulse peak. As discussed In Sv these two points 
are more easily reconciled In terms of a pencil beam configuration. This 
together with the new results from 4U0115'^3 presented here and theoretical 
armaments suggest that the feature In the on pulse spectrum of Iter X-1 Is an 
electron cyclotron line In absorption at ~ 35 keV. 
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TABLE 1 


PHASE AVERAGED PROPERTIES 
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PERIOD 


S0UiK:E 

PULSE (S) 

ORBITAL(D) 

a 

Ec(keV) 

Ep<keV) 

EW(ev) 

d(kpc) 

logCLxl*' 

SMC x-li 

0.71 

3.9 

0.5 

17 t 2 

10 i 3 

< 300 

50 

38.7 

HER X-lC 

1.24 

1.7 

-0.05 

20 

7 t 3 

280 i 30 

5 

37.4 

4U01 15+63 

3.61 

24 

-0.06 

8 

~ 7 

115 t 50 

3.5 

37.0 

CEN X-3 

4.84 

2.1 

0.16 

11 

8 

8 

228 i 36 

8 

37.9 

38.2 

4U1626-67*> 

7.68 

0.03 

0.4 

~ 20 

~ 6 

? 

~ 8^ 

~ 37.1 

LMC X-49 

13.5 

1.4 

-0.2 

17 ± 2 

22 ± 5 

< 100 

55 

38.8 

0A01 653-40 

38.2 

? 

0.4 

18 ± 3 

26 t 10 

550 1 100 

1-56 

35.4-36.8 

GX1+4 

115 

? 

0.0 

10 t 2 

45 

510 ± 80 

9 

38.0 

4U1 258-61 
4U0900-40 

272 

283 

> 20 
9.0 

1.1 

0.13 

20?^ 
20 1 2 

? 

16 t 2 

570"*^^® 

^'”-250 

510 i 290 

130 1 50 

2 

1.4 

35.8 

35.9 
36.4 

4U1 145-61 

292 

> 20 

0.40 

16 ± 3 

19 t 10 

620 t 140 

1.5 

35.0 

4U1 538-52 

529 

3.7 

0.42 

17 ± 2 

11 f 3 

572 i 140 

5.5 

36.6 

4U1 223-62 

695 

41 

-0.07 

19 ± 1 

11 ± 2 

255 ± 76 

1.8 

36.4 

4U0352+30 

835 

> 40 

-1.2« 



< 150 

0.35 

33.6 


*Spectnw9 Is best represented by a 12 keV thensal In the 2-20 keV band and a ~ 1.2 power law 
above 20 keV (White et a1. 1982, Worrall et a1. 1981) 

*^fro« Pravdo et al. (1979) 

Cfroni Pravdo et al. (1976,1978) 

^de(hiced fron the spin up rate given by Pravdo et al. (1979) 

^deduced fron. the lack of any low energy absorption (Pamar et al. 1980) 

^during the spectral measurement 

^Pulsations only seen during flares (Kelley et al. 1982) - none were observed in the 
(Uita reported here. 

^from Maurer et al. (1982) 

<Jfrom Marshall, White and Becker (1982) 

•^0.5-60 keV 


TABLE 2 


4U01154«3 line PARAMETERS 


EMISSION 

Energy (keV) 

FWHM (keV) 

Photons cn“^ s"^ 

Line Luelnoslty 
I Ota I UiMinosity 


ABSORPTION 
Energy (keV) 

FWHM (keV) 
Photons caT^ s‘^ 


FUNDAMENTAL 1ST OVERTONE 


11.75 t 0.75 23 (Fixed) 

< 5 1 (Fixed) 

0.10 ± 0.05 ®-0^!o‘.04 

(11 i 5)% (7 ± 7)% 


11.3 ± 0.9 23 (Fixed) 

< 5 1 (Fixed) 

0.11 ± 0.07 0.05 ± 0.05 


90% confidence errors 


44 


Hom CAPTIOUS 

Figure 1 - Hie fuilse ll^t oirvts of 12 X-rey iHiUars. Eacli Is repeated for 
tMlf a cycle fPr clarity* Gleeii at the top right of each plot Is the log of 
the luMlnosI^ In the 0*$ to 60 hOV Interval. The pulse period In seconds Is 
shown at the top center. The data cone free OSO-8 (Cen X-3, 4U1223-62); 

HEAO-1 A2 (4U0900-40. 0A01653-40, GXm, 4Ui626>67» 4U1S38-52); Einstein SSS 
(SMC X-1, Her X-1) and the renalnde)^ mixture of HEAO-1 A2 (7-25 keV) and 
Einstein ¥PC {1-10 keV). In the latter cfse the (riiservatlons were at 
dIfferMt epochs ami tte H^t curves were allied In the overlapping energy 
bands of the detectors* 

Figure 2 - The {diase-ave'^sged Incident spectra of 12 X-ray pulsars. The 
labels are the sane as those In Figure 1. 4U1 223-63 and Cen X-3 cone from 
observations made by OSO-8, with the remainder from (CAO-1 A2. In the latter 
cases the solid points are from the MED and the open from the HED. The 
spectra were deconvolved using the best fit models In Table 1. Most of the 
Iron lines are consistent witii widths < 3 keV (see SlI). 

Figure 3 - The phase averaged spectral parameters verses for all the 
pulsars given In Table 1. The dashed lines Illustrate the range of variation 
seen across the pulse. X Per and 4U1258-61 did not require any high energy 
cutoff. We note that hls^ energy data from Maurer et al. Indicate that the 
spectrum of 4U1 258-61 may fall off very rapidly above ~ 20 keV, The upper 
value of Ep of ~ 70 keV for GXl+4 1s off scale. 


Figure 4 - Left side: The pulse profile of GXH4 in three energy bands as 
seen by HEAO-1 A2, note the 180® phase reversal from the lowest to the highest 
energy band. Rl^t Side: The variatiwi in a» Ep and the EW of the iron K 
line as a function of pulse phase. Eg fixed at 10 keV. The error bars 
are 90% confidence. The plots on both sides are repeated for half a cycle. 

The dashed lines represent the 2-7 keV (lower) and 25-60 keV (upper) light 
curves siu)wn the left. 

Fi^re 5 - Left side - The pulse profile of 4U1626-67 as seen by HEAO-1 A2, 
taken fro« Pravdo et al. (1979). Right side - The variation in a, E^ and Ep 
with pulse phase again taken from Pravdk) et al. (1979). The dashed lines 
indicate the pulse profiles in the 3-14 keV (lower) and 14-30 keV (upper) 
energy bands shown on the left. The plots are repeated for half a cycle for 
clarity. 

Figure 6 - The spectra at the indicated pulse phases (as defined by Figures 
4 and 5) of GXl+4 and 4U1626-67, For clarity the spectra have been 
smoothed. These are a coirt>i nation of Einstein SSS and HEAO-1 A2 spectra taken 
at different times. 

Figure 7 - The pulse profile of 4U0900-40 seen by HEAO-1 A2 on three 
different occasions. The average count rate during each observation is shown 
at the top right of each plot. The absorption was, in each case, consistent 
with ~ 10^2 H cm"2. 

Figure 8 - The pulse light curve and variation of the spectral parameters 
with pulse phase of 4U0900-40 (cf. Figures 4 and 5). 
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Figure 9 - The HEAO-1 A2 spectra at three different pulse phases as 
Indicated In Fl^re 8. The nomallzatlon of the pulse peak spectrttia P In the 
lower plot has been Increased by 3(^ to normalize the three spectra at ~ 20 
keV. 

Figure 10 - The Incident spectra of the recurrent transient 4U0115-*63 at 
three different pulse phases. These are Indicated In the pulse profile shown 
for the 2-60 keV band. The three spectra are each offset from each other by 
one order of magnitude. The model used to deconvolve these spectra from the 
Instrwient response did not Include at\y line features, so any apparent 
features could be sharper in the Incident spectra. 

Figure 11 - The ratios of the original PHA spectra used for Figure 10. 

Figure 12 - The pulse profile and spectral parmneters as a function of pulse 
phase for Cen X-3 as seen by OSO-8 when Lj^ -v 2 x 10^® erg s"^ {cf. Figures 4 
and 5). 

Figure 13 - The Incident spectra of Cen X-3 at the three pulse phases 
Indicated In Figure 12 for two different observations when the luminosity was 
different by a factor of 2 (the higher luminosity case Is shown In Figures 2 
and 12). There Is some evidence that In the lower luminosity spectra the high 
energy break energy has Increased to - 11 keV from ~ 8 keV. 
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